A series of single-crystal structures determined by Barabas and colleagues provides a detailed mechanism for how the TnpA transposase from Helicobacter pylori recognizes, cleaves, and integrates the IS200/IS605 class of transposable elements. An interesting aspect of the mechanism is that the transposase recognizes the transposon through the unique fold-back structure adopted by the sequences of the DNA components, rather than through direct protein-DNA interactions. This is an example of indirect readout that is reminiscent of how four-stranded junctions are recognized by recombination proteins, but is also analogous to ribonucleoproteins, in that the DNA facilitates formation of an active nucleic acid-protein complex.
Introduction and context
DNA transposons are ubiquitous elements that allow genetic fragments to be integrated into host genomes and in nature are used, for example, to confer drug resistance in bacteria. They also have potential use as the delivery vehicle of new or modified DNAs in gene therapies. The mechanism of transposition is multi-step, similar in many ways to recombination-type events, and can randomly insert a transposon into the host or show some degree of specificity in integration. One particularly interesting DNA element is the IS608 transposon (a member of the IS200/IS605 class of transposable elements) found in Heliobacter pylori [1] that lies close to genes that are associated with gastric epithelial invasion factors. This element is associated with antibiotic resistance and is inserted 3 0 of specific four-or fivenucleotide sequences in the host [1] by the TnpA transposase [2] . The question is, how can this relatively small 155-amino acid enzyme affect the cleavage and rejoining steps required to integrate the associated IS608 transposon in a specific manner into the host genome? The structures implicate unique sequence-dependent DNA fold-back conformations as the primary determinants both in recognition and in the protein conformational change that switches the transposase into the active configuration.
Major recent advances
TnpA forms an obligate dimer [3] that provides for DNA cutting and splicing at the two ends of IS608 transposable elements [2] . Thus, unlike other transposases that have two catalytic sites within the same protein, the TnpA dimer creates two sites in trans. This would be sufficient to deal with the mechanism for integrating the transposon if the two ends of insertion were identical and single-stranded, but they are not. The IS608 transposon includes two imperfect inverted repeats (IPs) that are nearly identical but differentially located relative to their cleavage sites [3] . The left IP is 20 nucleotides from the left end (LE) cut site, whereas the right IP is only 10 nucleotides from the right end (RE) cut site. There must be an asymmetry in the system that would not obviously come from a symmetric dimer. Furthermore, earlier crystal structures from Ronning and colleagues [3] of TnpA alone and in complex with an isolated DNA hairpin elucidated the dimer structure, but both showed an inactive catalytic site and thus provided no additional insights into the mechanism of action. The recent paper by Barabas and colleagues [4] presents five single-crystal structures of TnpA in the presence of the left and right IP elements that extend toward the respective LEs and REs of the transposon. The key finding is that the left and right IPs and LE and RE DNA elements form specific structures that not only define their recognition by TnpA, but also induce the catalytic sites of the enzyme to adopt their active conformations. Together, the series of structures and biochemical and biophysical studies allow the authors to propose a detailed mechanism for the complete transposition cycle.
The most intriguing structures in this series are the complexes between the TnpA dimer and the IP hairpins extended with the LE or RE DNA of the transposon. The IP element forms a hairpin with a single thymine bulge. The RE DNA, however, is not a dangling end but folds back into a specific loop structure through G·C·G and T·A·A base triplets, resulting in a topology that is similar in many respects to RNA topologies [5] . This end of the DNA specifically induces a conformational change in which a helix that contains the catalytic tyrosine residue (Y127) is remodeled from the inactive conformation seen in the previous structures [3] to an active form, where Y127 is now in position to serve as a nucleophile that can attack the DNA backbone. A similar, though not identical, fold-back structure is formed by the LE IP and the associated LE element, which has a similar effect of creating an active conformation in the enzyme. Thus, the DNA itself plays a major role in its own recognition -the fold-back structures of the IP and LE or RE elements are unique and are required to induce the protein to assume its active conformation. This allows the enzyme to work only on the 'top' strand of the transposon.
The authors raise the question of whether the DNA sequences, in themselves, can fold into the structures seen in the LE and RE complexes [4] . If so, this would be a dramatic example of the concept known as indirect readout [6] [7] [8] , in which the specificity for protein recognition of a DNA sequence is not provided by direct protein-DNA contacts in the form of, for example, pairing hydrogen bond donor and acceptor groups between protein side chains and nucleotide base pairs, but through the effects of base sequence on the conformational shape of the DNA element. This is reminiscent of most RNA-binding proteins, which recognize the tertiary structure of the fold rather than the sequence of the single-stranded polynucleotide.
An exhaustive map of DNA sequences and their structures has shown that sequence can affect both the overall conformation and, more subtly, details of the double-helix [9] . In the latter case, there are now a sufficiently large number of structures of B-DNA in a selfconsistent dataset to permit investigators to define sequences that adopt an 'average' conformation for this standard double-helix and sequences that deviate significantly from this average, including those of known transcriptional regulators. A recent study by Little and colleagues [10] demonstrates the concept of indirect readout at the double-helix level in convincing fashion. In this study, the authors show that the Hinc III endonuclease can still effect site-specific DNA cleavage even in a mutant in which all direct protein-DNA contacts have been eliminated.
The structures of the TnpA transopoases by Barabas and colleagues [4] , however, rely on larger effects of sequence on DNA structure, a role that is more analogous to the one that indirect readout is proposed to play in the sequence-dependent recognition of Holliday junctions during DNA recombination. Four-way DNA junctions have been shown to be stabilized explicitly by core (A/G) CC trinucleotides within perfect inverted repeat sequences [11] and this has been proposed as the means by which junction-resolving enzymes, such as T7 endonuclease I [12] and T4 endonuclease VII [13] , show sequence specificity for their DNA substrates [14] . In the case of the TnpA transposase [4] , the IS608 transposon ends form sequence-specific fold-back structures that are specific for the enzymes' active form.
Future directions
The question, therefore, is one of the chicken or the egg: does the DNA fold to form a substrate that induces an active enzyme, or does the shape of the functional TnpA catalytic site induce the DNA shape? The current structures support the former scenario, but one must wait to see whether the LE and RE DNAs by themselves or, more specifically, in the context of the transposon, can fold to the conformation that is uniquely recognizable by the TnpA transposase, and it would be interesting to see whether this could influence the rate of integration. If so, this may have implications for the design of molecular systems for gene therapy applications.
Abbreviations
IP, imperfect inverted repeat; LE, left end; RE, right end.
Competing interests
The author declares that he has no competing interests.
